ABSTRACT. Raman chemical imaging combines
light consists of both elastic scattering and inelastic scattering. The elastically scattered light is Rayleigh scattering, which is the majority of the scattering and has the same frequency as the incident radiation. The inelastically scattered light, a small fraction of the total scattered light, is Raman scattering (Smith and Dent, 2005) . The frequency (or energy) of the Raman scattering is shifted from that of the incident light by the vibrational energy that is increased or decreased from the photon-molecule interaction. Molecular information can thus be obtained through analysis of the frequency shift (or energy change) of the scattered light. Raman spectroscopy is suitable for measuring solid, aqueous, and gaseous samples, and it can detect subtle changes of various chemicals. Some advantages of Raman spectroscopy include highly specific detection, nondestructive measurement, easy sample preparation, lack of water interference, detection capability through glass or polymer packages, and use as a complement to infrared spectroscopy measurement. Raman techniques have been used in many scientific applications, such as remote sensing (Leonard et al., 1979) , single molecule detection (Nie and Emory, 1997) , bacteria discrimination (Jarvis and Goodacre, 2004) , and medical diagnostics (Vo-Dinh et al, 2005) .
Raman techniques have also found applications in the area of agricultural inspection (Li-Chan, 1996; Thygesen et al., 2003) . Examples include composition analysis of wheat grain (Piot et al., 2000; Ram et al., 2003) , detection of adulterants in maple syrup (Paradkar et al., 2002) , measurement of oil and water content in olive pomace (Muik et al., 2004) , phosphorus sensing in soils (Bogrekci and Lee, 2005) , inspection of plant pathogens (Schmilovitch et al., 2005) , and detection of melamine in human foods and animal feed (Lin et al., 2008; Liu et al., 2009; Okazaki et al., 2009 ). Most existing agricultural applications rely on commercial Raman spectrometer systems, which cannot cover large areas of sample surfaces due to the size limitation of the point measurement. Spatial information, which is crucial for evaluating food safety and quality, thus cannot be obtained by traditional spectrometer measurement. Raman chemical imaging is a novel technique that combines the advantages of Raman spectroscopy and digital imaging, with the aim of visualizing the composition and morphology of the target (Morris et al., 1996; Evans et al., 2005) . This technique could open a new avenue for tackling problems in the research field of food safety and quality inspection. Related imaging systems have been developed, and some instruments are already commercially available. However, most products in the market perform Raman measurement at microscopic level (onĂmicrometer or nanometer scales). The spatial range covered by such systems cannot satisfy the requirements of whole-surface inspection for individual food items.
The optical techniques discussed above (i.e., reflectance, fluorescence, and Raman) can be implemented using either spectroscopy measurement or hyperspectral imaging. Hyperspectral imaging is capable of acquiring both spatial and spectral information, and it has been recently developed as a useful tool for safety and quality evaluation of food and agricultural products (Lu and Chen, 1998; Kim et al., 2001 ). There are three major approaches for acquiring 3-D hyperspectral cubes [hypercubes (x, y, l) ]. These are pointscanning, line-scanning, and area-scanning methods, as illustrated in figure 1. In the point-scanning method (also known as the whiskbroom method), a single point is scanned along two spatial dimensions (x and y) by moving either the sample or the detector. A spectrophotometer is used to acquire a spectrum for each pixel in the scene. Hyperspectral image data are accumulated pixel by pixel in an exhaustive manner. Two-axis motorized positioning tables are usually needed to finish the image acquisition. The line-scanning method (also known as the pushbroom method) is an extension of the point-scanning method. Instead of scanning one point each time, this method simultaneously acquires a line of spatial information as well as spectral information corresponding to each point in the line. A special 2-D image (y, l) with one spatial dimension (y) and one spectral dimension (l) is taken at a time. A complete hypercube is obtained as the line is scanned in the direction of motion (x). Hyperspectral systems based on imaging spectrographs work in the linescanning mode. Both point-scanning and line-scanning methods are spatial scanning methods. The area-scanning method (also known as the band sequential method), on the other hand, is a spectral scanning method. This approach acquires a single band 2-D grayscale image (x, y) with full spatial information at once. A hypercube containing a stack of single band images is built up as the scanning is performed in the spectral domain. No relative movement between the sample and the detector is required for this method. Imaging systems that use filters (e.g., filter wheels containing fixed bandpass filters and electronically tunable filters) belong to the area-scanning method.
The 3-D hyperspectral cubes acquired by point-scanning, line-scanning, and area-scanning methods are generally stored in the formats of band interleaved by pixel (BIP), band interleaved by line (BIL), and band sequential (BSQ), respectively. Different formats have different advantages in terms of image processing operations and interactive analysis. The BIP and BSQ formats offer optimal performance for spectral and spatial access of the hyperspectral data, respectively. The BIL format gives a compromise in performance between spatial and spectral analysis. The three data storage formats are interconvertible.
In this study, we developed a laboratory-based pointscanning Raman chemical imaging system with the capacity to acquire hyperspectral Raman images from large food and biological samples. The objective of this article was to provide a detailed description of the Raman chemical imaging system. Specific objectives were to:
S Present details of system design, including hardware components, interface software, and operation procedures. S Perform spectral and spatial calibrations for the Raman chemical imaging system. S Demonstrate performance of the system with an example application, i.e., detection of melamine in dry milk.
RAMAN CHEMICAL IMAGING SYSTEM
SYSTEM DESIGN A schematic diagram of the developed Raman chemical imaging system is illustrated in figure 2 . The system was built on an optical breadboard with dimensions of 914 × 762 mm 2 . It is a point-scanning spectral imaging system that utilizes a 16-bit high-performance spectroscopic charge-coupled device (CCD) camera (Newton DU920N-BR-DD, Andor Technology, Inc., South Windsor, Conn.). The CCD has an area array of 1024 × 256 pixels, with quantum efficiency (QE) greater than 90% at 800 nm and about 45% at 1000 nm. The CCD is thermoelectrically cooled to -70°C during spectral data acquisition to minimize the dark current. The cam- era is directly connected to a computer using a USB cable, through which both camera control and data transfer are carried out. A Raman imaging spectrometer that is specifically designed for 785 nm laser excitation (Raman Explorer 785, Headwall Photonics, Fitchburg, Mass.) is mounted to the camera. The basic structure of the spectrometer includes a narrow input slit, a concave mirror, and a convex reflection grating (Julian et al., 2009) . The input slit is 5 mm long × 100Ămm wide and admits light from the samples. The concave mirror is used to guide the incoming light from the input slit to the reflection grating, where the incident beam is dispersed into different wavelengths in a reflection manner. The concave mirror reflects the dispersed light to the CCD detector, where continuous spectra are formed. The spectrometer covers a Raman shift range of -98 to 3998 cm -1 (or a wavelength range of 779 to 1144 nm) with a spectral resolution of 3.7Ăcm -1 . The reflection grating-based Raman spectrometer is constructed entirely from reflective optics with high efficiencies. Thus, it is ideal for low-light measurements such as Raman and fluorescence imaging.
A spectrum-stabilized laser module with an output of 785Ănm and bandwidth of 0.05 nm (I0785MM0350MF-NL, Innovative Photonic Solutions, Monmouth Junction, N.J.) serves as the excitation source for the system. The 785 nm laser has a special advantage over short-wavelength lasers in that it greatly reduces fluorescence emissions from the samples. This module is specifically designed to be used in a fiber-coupled configuration for high-resolution Raman spectroscopy applications. The maximum output power of the laser is 350 mW, and the power can be adjusted by dialing the laser drive current as read out on the LED panel. A fiber optic Raman probe (RPB, InPhotonics, Norwood, Mass.) is used to focus the laser on the samples and acquire Raman scattering signals. The probe utilizes a long-pass filter assembly to eliminate light at and below the laser wavelength (i.e., Rayleigh and anti-Stokes scattering). A bifurcated optical fiber bundle is used to connect the laser module, the Raman probe, and the Raman imaging spectrometer. Diameters of the excitation and collection fibers in the bundle are 105 and 200Ămm, respectively. The laser light generated from the module is transferred to the probe via the excitation fiber. After laser-sample interactions, the Raman signals are collected by the probe and delivered to the imaging spectrometer via the collection fiber. A programmable, two-axis motorized positioning table (MAXY4009W1-S4, Velmex, Bloomfield, N.Y.) is used to move the samples in two perpendicular directions (x and y, as illustrated in fig. 2 ) under the Raman probe. The movement of the table is controlled by the computer via a stepping motor controller. The table can travel in a square area of 127 × 127 mm 2 with a displacement resolution (advance per step) of 6.35 mm.
SYSTEM SOFTWARE
The parameterization and data-transfer interface software ( fig. 3) for the Raman chemical imaging system was developed on a platform of LabVIEW and Vision Development Module (National Instruments, Austin, Tex.) in the Microsoft Windows operating system. Software Development Kits (SDKs) provided by the manufacturers of the camera and the motorized positioning table were used in the LabVIEW programming environment to fulfill various functions such as cameral control, data acquisition, sample movement, and synchronization. A Raman spectrum and a Raman image at user-selected band are displayed and updated point by point to let users monitor the scan progress in real time. The 3-D Raman image data are stored in the band interleaved by pixel (BIP) format, which can be analyzed by commercial software packages such as ENVI (ITT Visual Information Solutions, Boulder, Colo.).
SYSTEM OPERATION
The Raman probe, positioning table, and sample materials are placed in a closed black box ( fig. 2 ) to avoid influence of ambient light. To ensure the best possible signal-to-noise ratio (SNR) for the Raman spectra, single-track mode provided by the camera's manufacturer is used for spectral data acquisition. With this method, a rectangular area on the CCD sensor is defined to only include pixels that are illuminated by the incoming light from the Raman imaging spectrometer.
All the rows within this specified area are vertically binned together into the shift register of the CCD and then digitized. As a result, a single Raman spectrum is obtained for each spatial point. Vertical center position (pixel index) and height (inĂpixels) are specified by the system software to determine the CCD area for acquiring spectral data. The single-track method is particularly useful in low-level light applications since the contribution of the dark current in the measured signal is minimized by excluding the pixels that are not in the defined area. An example of single-track mode for spectral data acquisition is shown in figure 4 . It can be seen that light is dispersed to a narrow area on the CCD. Under the current system settings, a rectangular area with a height of 27 pixels was selected for useful measurement data (i.e., the area between two dashed lines in fig. 4a ). The highest intensity (CCD count) of the Raman spectra extracted from any single row within the defined CCD area is less than 1500 ( fig. 4b) . After vertical binning, the intensity of the final Raman spectrum is at least one order higher than those of the individual spectra ( fig. 4c) , indicating the effectiveness of the singletrack spectral data acquisition method. Figure 5 illustrates the point-scanning pattern followed by the Raman chemical imaging system for acquiring spatial information from the target. The process is a row-wise scan starting from a point at the lower right corner of the scene (P11 in fig. 5 ). After the first row is completed, the sample is moved to focus on the second row, and the scan continues at the first point in this row (i.e., P21). This process is repeated until the last point (i.e., Pnm) is scanned. The spatial resolution of the acquired images is determined by the step sizes for two scan directions (i.e., x and y). Spatial range of the scene is determined by the combination of the step sizes and the numbers of scans (i.e., m and n) for the x and y directions. After all the points are scanned, the two-axis positioning table moves the sample back to the start point, and a 3-D image data with a dimension of m × n × 1024 (1024 bands) will have been obtained.
SYSTEM CALIBRATIONS SPECTRAL CALIBRATION
A Raman spectrum is generally presented as a shift in energy from that of the excitation source. Although Raman shift is essentially a relative unit, the spectral dimension i.e., x-axis) of a Raman spectrum is traditionally expressed as wavenumber in cm -1 instead of Dcm -1 . Spectral calibration for the Raman chemical imaging system is intended to define the wavenumbers for the pixels along the spectral dimension. Spectrally established light sources (e.g., spectral calibration lamps, lasers, fluorescent lamps, and broadband lamps equipped with interference bandpass filters) are usually used for absolute wavelength calibrations for line-scanning hyperspectral imaging systems. For spectral calibration of relative Raman shift, it is more convenient to use an excitation source with fixed spectral output and chemicals with known relative wavenumber shifts. A guide for Raman shift standards for spectrometer calibration has been established by ASTM International (ASTM Standards, 2007) . This guide covers Raman shift wavenumbers of eight liquid and solid chemicals measured using Fourier transform or dispersive Raman spectrometers with high spectral resolutions. The eight materials are naphthalene, 1,4-bis(2-methylstyryl)benzene, sulfur, 50/50 (v/v) toluene/acetonitrile, 4-acetamidophenol, benzonitrile, cyclohexane, and polystyrene, and they cover a wide wavenumber range of 85 to 3327 cm -1 .
In this study, polystyrene and naphthalene ( fig. 6 ) were selected for spectral calibration of the developed Raman chemical imaging system. Each of these solid chemicals was placed in an individual plastic plate. A 10 × 10 spatial scan with a step size of 1 mm for both the x and y directions was performed for each sample. Figure 7 illustrates the spectral calibration results based on these two standard materials. Raman spectra of polystyrene and naphthalene are shown in figures 7a and 7b, respectively. Each spectrum is an average of 100 spectra extracted from the 1 cm 2 scanned area. Five and seven peaks were identified in the Raman spectra of polystyrene and naphthalene, respectively, collectively covering a wavenumber range between 513.8 and 1602.3 cm -1 . Linear, quadratic, and cubic regression functions were used to establish the relationship between the known wavenumbers of the 12 identified Raman peaks and the corresponding pixel indices along the horizontal dimension of the CCD. Performances of the three regression models were evaluated by predicting the 12 known wavenumbers using the pixel indices. Root mean squared errors (RMSE) were calculated between the true wavenumbers and the prediction values: 8.49, 2.46, and 2.44 cm -1 for the linear, quadratic, and cubic functions, respectively. The prediction errors for the two nonlinear regression models were similar and were much lower than the errors for the linear model. Considering the complexity of the computation, the quadratic fitting function was finally chosen as the spectral calibration model, and it was used to determine all the wavenumbers along the spectral dimension ( fig.Ă7c) . Based on the spectral calibration results using the quadratic model, the Raman chemical imaging system was found to cover a wavenumber range of 102.2 to 2538.1 cm -1 .
Wavelength and wavenumber can be converted to each other. The wavelength of the Raman spectrum can be calculated using the wavenumber of the Raman shift by the following equation:
where WL R is the wavelength of the Raman spectrum (nm), WL E is the wavelength of the excitation source (nm), and WN R is the wavenumber of the Raman shift (cm -1 ). For example, the Raman spectrum of polystyrene has a peak at the wavenumber of 1001.4 cm -1 . When excited by a laser with a spectral output of 785.0 nm, this peak will be observed at the wavelength of 852.0 nm. The peak will shift to 1190.9 nm if a 1064.0 nm laser is used for excitation. Using equation 1, the wavelength range covered by the developed Raman chemical imaging system can be calculated as 791.3 to 980.3 nm. Figure 8 shows a single-band image obtained by the Raman chemical imaging system for a standard resolution test chart. The 785 nm laser was used to illuminate the glass chart placed on a piece of square white paper. The diameter of the smallest dots in the central area of the test chart is 0.25 mm, and distance between these dots is 0.50 mm. The outermost large dots are positioned within a 50 mm square. A step size of 0.1 mm was used to scan both the x and y directions. The 0.25 mm dots can be clearly discerned in the image owing to the small step sizes used to scan the chart. The step sizes for the two scan directions determine the spatial resolutions of the Raman images: the smaller the step sizes, the higher the spatial resolutions. No image distortions were observed due to the point-scanning method used to acquire spatial information from the target. In practice, the spatial resolution of the image and the time used to finish the scan are always a pair of trade-off parameters and need to be determined case-bycase to meet specific requirements for different applications. 
SPATIAL CALIBRATION

APPLICATION TO MELAMINE DETECTION
Melamine was recently found to have been deliberately added to milk formula and animal feed to increase the apparent protein content of the products, causing illnesses and deaths for a significant number of infants and pets (FDA, 2008) . Rapid, nondestructive, and reliable approaches are needed for screening for melamine in complex food and feed systems. In this study, the performance of the developed Raman chemical imaging system was demonstrated by an example application of detecting melamine particles in dry milk. Melamine of 99% purity (Sigma-Aldrich, St. Louis, Mo.) was mixed into dry milk (organic nonfat) that was purchased from a local supermarket. Six mixtures were prepared with melamine concentrations (w/w) at 0.2%, 0.5%, 1.0%, 2.0%, 5.0%, and 10.0%, in 50 mL polypropylene centrifuge tubes. A vortex mixer was used to shake the tubes to make sure the melamine particles were uniformly distributed in the dry milk. In addition to the six milk-melamine mixtures, one pure melamine sample and one pure dry milk sample were also prepared for the purpose of comparison. All eight samples were placed in eight adjacent positions in a 96-well glass plate (Cayman Chemical, Ann Arbor, Mich.) for imaging. The diameter of each sample was 8 mm. The imaging system scanned the samples using a CCD exposure time of 0.01 s and a step size of 0.2 mm for both the x and y directions, resulting in a 370 × 50 × 1024 hypercube covering a spatial area of 74 × 10 mm 2 . Under these settings, it took approximately 3Ăh to finish the scan. A dark current image was acquired with the laser off and a cap covering the probe, and this was subtracted from the original sample image. Only the corrected image was used for further data analysis.
Raman features of the pure melamine sample are shown in figure 9 . The spectrum plotted in figure 9a was an average of all the Raman spectra extracted from a region of interest (ROI) covering the whole circular surface of the sample. Several peaks were identified in the spectral region of 102.2 to 1700.0 cm -1 , and the corresponding wavenumbers are marked in the figure. Melamine showed the highest Raman intensity at 675.4 cm -1 . The intensities at other peaks were lower than half of the intensity value at 675.4 cm -1 . Beyond 1700 cm -1 , no notable Raman scattering signals were observed. Raman images at the identified peaks are shown in figure 9b . All the images were masked to remove the back- ground, and they are displayed in same intensity range for direct comparison. Melamine images at 675.4 and 1557.8 cm -1 were the brightest and the darkest, respectively, among the images at the seven selected peaks, reflecting the scattering intensities at these two Raman shift positions. The intensities of the other five images (i.e., 162.8, 387.1, 586.0, 777.0, and 980.9 cm -1 ) were in between these two extremes. Figure 10a shows mean Raman spectra of pure dry milk and mixed samples with six concentration levels of melamine. The ROI spectral averaging operation used was the same as that used for pure melamine. All the plots here share a similar spectral background owing to the common Raman signals from dry milk. Several small Raman peaks (e.g., Ă356.3, 866.6, 1255.4, and 1331.3 cm -1 ) that did not appear in the spectrum of pure melamine ( fig. 9a) were observed for pure dry milk. Overall, the dry milk sample had the lowest Raman intensities across the whole spectral region. The Raman intensities of the mixed samples generally increased with the increase of the melamine concentration, especially for the Raman peak positions that were identified for pure melamine (e.g., 387.1, 675.4, and 980.9 cm -1 ). To remove the common spectral background of milk, the spectrum of the pure dry milk was subtracted from the spectra of the six mixed samples. The resultant difference spectra are plotted in figure 10b . After removal of the milk background, the Raman peaks of melamine were enhanced and those of pure milk were eliminated. As a result, the difference spectra with a relatively flat background exhibited similar patterns to the Raman spectrum of pure melamine. The backgroundcorrection procedure is important for Raman spectral analysis, and it formed a basis for detecting melamine particles in mixtures using a spectral matching method.
The background-correction method described above was also applied to the hyperspectral Raman images. The mean spectrum of the pure dry milk sample ( fig. 10a ) was subtracted from each pixel in the ROIs of pure milk and mixed samples. Figure 11a shows the resultant difference images at five peak wavenumbers of melamine. The brightness pattern of all seven samples generally revealed Raman scattering intensities at different wavenumbers and the change of melamine concentration in the mixtures. Since more melamine particles generate more Raman scattering signals, the image brightness increased with the melamine concentration at each peak wavenumber of melamine. The brightest image occurred for the mixed sample with the maximum melamine concentration (10%) at 675.4 cm -1 , which is the wavenumber of the highest Raman intensity of melamine.
To identify melamine particles in the mixed samples, a hyperspectral image classification method based on spectral information divergence (SID) was developed. SID is a spectral similarity measure that can be used for quantifying the discrepancy between two spectra. The smaller the SID value, the smaller the difference between two spectra. Details of the SID algorithm can be found in Chang (2000) . The mean spectrum of the pure melamine sample ( fig. 9a ) was used as the reference spectrum. SID mapping was performed on the difference hyperspectral images of the test samples, and the resultant rule images are shown in figure 11b . The intensity of each pixel in the rule images is the SID value between the melamine spectrum and the spectrum extracted from that hyperspectral pixel. The mixed samples with high melamine concentration appear darker than those with low concentration because of their smaller SID values in the rule images. Finally, a simple thresholding method was applied to the SID rule images to separate melamine particles from dry milk, and the results are shown in figure 11c . Pixels with values larger than the SID threshold (0.12 was used in this study) were classified as dry milk, and they formed white areas in the classification images. Dots scattered inside the white areas represent the melamine particles isolated from the milk background. No melamine was found for the pure dry milk sample. The number of melamine pixels increased with the melamine concentration for the six mixed samples. The images shown in figure 11c can be called Raman chemical images since they utilized Raman scattering signals to create a visualization map that reflects the quantity and spatial distribution of the compositions in the mixtures.
CONCLUSIONS
Raman chemical imaging is a novel technique that combines Raman spectroscopy and digital imaging to visualize composition and morphology of a target. This technique is promising for tackling existing and new challenges in the area of food safety and quality inspection. Commercially available systems generally perform Raman measurement at microscopic level, and they cannot meet the requirements of evaluating whole surfaces of individual food items. In this study, a benchtop point-scanning Raman chemical imaging system was designed and developed for food safety and quali-ty research. The system is able to acquire hyperspectral Raman images in a Raman shift range from 102.2 to 2538.1 cm -1 with a spectral resolution of 3.7 cm -1 . It can cover a square area of 127 × 127 mm 2 with a spatial resolution as high as 0.1Ămm, making the system capable of acquiring Raman images from large food and biological samples. An example application of detecting melamine particles in dry milk demonstrated that the Raman chemical imaging technique can identify particular chemicals at low concentrations, indicating the technique is highly specific and sensitive. The Raman chemical imaging system developed in this study is a versatile platform, and it can give us more flexibility for experiment design than commercially available systems can. It is capable of using Raman scattering information to map spatial distribution of constituents of interest in complex food systems. We believe that this system will find more practical applications (qualitative and/or quantitative) in the future in the area of food safety and quality inspection.
